Introduction
Epithelial sheet fusion is an essential morphogenetic event during embryogenesis, and it is also one of the most important steps in vertebrate eye morphogenesis. When the optic vesicle (OV) approaches the surface ectoderm, it invaginates to form the double-layered optic cup (OC) structure, which contains an inner neural retina (NR) layer and an outer retinal pigmented epithelium (RPE) layer. The invagination process of the OV is asymmetric, oriented in a somewhat ventral-distal to dorsal-medial direction, which leads to the formation of a groove on the ventral OC called the optic fissure (OF) [1, 2] . The OF extends from the most distal point of the OC to the proximal end of the optic stalk (OS) [1] . The OF provides a channel for surrounding mesenchymal cells to migrate into the developing eye. The mesenchymal cells later form hyaloid vessels for providing blood supply to the developing eye. The formation of the OF relies on the ventral patterning of the OV and is regulated by BMP7 [2, 3] . As development proceeds, the fusion of the OF makes the ventral retina morphologically identical to the dorsal retina [4] . The fissure closure still leaves one opening at the center of the OC, the optic disc, as the passageway for retinal ganglion cell (RGC) axons and blood vessels [3] . Therefore, the timely closure of the OF is critical for normal eye development and function.
The failure of the fissure closure leads to the formation of a permanent opening on the ventral retina, a condition known as coloboma. It affects 0.41 to 2.6 infants in every 10 000 births, occurring in isolation or in association with other developmental syndromes [1] . The www.cell-research.com | Cell Research Shuyi Chen et al. 255
npg most common syndrome associated with coloboma is the CHARGE syndrome, caused by a mutation in CHD7, a chromatin remodeling factor that controls neural crest cell differentiation [1] , suggesting an important role of periocular mesenchymal cells (PMCs) in regulating the OF closure. Haploinsufficiency of Pax2, a member of the paired box family of transcription factors, is the genetic cause for the human renal-coloboma syndrome, which manifests optic nerve excavation [5, 6] . Homozygous Pax2 mutant mice develop coloboma, accompanied by the extension of the retinal tissue into the optic stalk [7] . Human genetic studies have linked a number of other genes to coloboma, including PAX6, VSX2 (CHX10), SIX3 and PTCH [1] . However, each of them is only responsible for a very small portion of coloboma patients, and it remains unclear how these mutations contribute to the pathogenesis of coloboma mechanistically. In the past two decades, genetic studies in animal models have identified additional coloboma-causing genes, including transcription factors (Vax1, Vax2 [8, 9] , Pitx2 [10] and Bf1 [11] ), signaling pathway components (Jnk1/2 [12] , Rxrα, Rarγ [13] , Raldh1, Raldh3 [14] , Lrp6 [15] and Fzd5 [16] ), cell cycle regulators (Phactr4 [17] ), and polycomb-complex components (Rybp [18] ). These studies suggest that successful OF closure might require precisely controlled retinal cell fate specification, balanced retinal cell proliferation, and proper interactions between retina and surrounding tissues. The mature retina is composed of six types of neurons and one glial cell type that are well organized into three cellular layers, with RGCs occupying the inner most ganglion cell layer; amacrine, bipolar and horizontal interneurons and Müller glia cells residing in the inner nuclear layer; and rod and cone photoreceptor cells composing the outer nuclear layer [19] . These seven types of retinal cells are generated by common multipotent retinal progenitor cells in a sequential yet overlapping manner. From fish to mammals, the RGC has consistently been shown to be the earliest retinal cell type generated by retinal progenitor cells, followed by cone, horizontal and amacrine cells, while rod, bipolar and Müller cells are generated last [19] . Such ordered appearance of different retinal cell types is determined by an intrinsic property, or competence, of retinal progenitor cells, and is influenced by environmental signals [20] . Studies have shown that the competence of retinal progenitor cells to generate RGCs is determined by a basic helix-loop-helix transcription factor, Math5, which promotes RGC fate by regulating the expression of RGC transcription factors, Brn3b and Islet1 [21] . The duration of Math5 expression, thus the competence of retinal progenitor cells to produce RGCs, is controlled by growth and differentiation factor 11 [22] . In addition, Shh produced by early-born RGCs has been shown to provide feedback signaling to retinal progenitor cells to inhibit further RGC generation [23] . Fully understanding the intrinsic factors and extrinsic signals that control retinal neurogenesis will facilitate the development of therapeutic strategies to treat retinal diseases that affect RGCs, such as glaucoma.
Fibroblast growth factor (FGF) signaling is reiteratively employed by different cell types during embryogenesis and adult homeostasis to regulate cell proliferation, survival, migration or differentiation [24, 25] . Studies in zebrafish, frog and chicken have suggested that FGF signaling regulates the initial eye field formation [26] , NR specification [27, 28] , retinal axial determination [29] , and retinal neuron differentiation [30, 31] . Consistently, retina-specific knockout of Shp2, encoding an adaptor protein that functions downstream of many tyrosine kinase receptors including FGFR and EGFR, causes eye developmental defects [32, 33] . However, in mice, most FGF mutants do not manifest any phenotype in the developing eye, potentially due to functional redundancies of different FGF ligands, as there are 22 FGF ligands in the mouse genome [34] . For example, Fgf1 and Fgf2 are known to be expressed in the surface ectoderm, and their ectopic administration can sufficiently transform RPE cells into the NR fate in fish, chickens, and mice [27, 28, 35] . Surprisingly, neither single nor double mutant mice for the two ligands show any discernible eye defects [36] [37] [38] . Fgf9 and Fgf15 are abundantly expressed in the developing NR; however, mutations of these two ligands cause no or only mild eye defects, respectively [39, 40] . Knockout mice for Fgf8, another ligand expressed in the developing eye, die at E7 [41] , preventing the study of its actual role in mouse eye development. Therefore, it remains uncertain what exact roles FGF signaling plays in mammalian eye development.
To overcome the functional redundancies of FGF ligands in the developing mammalian eye, we used a conditional knockout strategy to specifically remove functions of two FGF receptor (Fgfr) genes, Fgfr1 and Fgfr2, from the developing eye. Among four mouse Fgfr genes, Fgfr3 and Fgfr4 single and double knockout mice show no defects in eye development [42] [43] [44] . Fgfr1 and Fgfr2 knockout mice die too early to permit the study of their roles in eye development (at E7.5 and E4.5, respectively) [45] [46] [47] . Here, we show that retina-specific removal of both Fgfr1 and Fgfr2 results in coloboma formation and defective RGC development. By carefully analyzing the cellular events of OF closure of the wild type and Fgfr1/ Fgfr2 double-mutant eyes, we propose that FGF signaling controls OF closure by regulating cell fate specification, morphological changes and proliferation.
Results

Defective FGF signaling causes coloboma formation
Although FGF signaling is known to control cell proliferation, morphological changes, and cell fate determination in different systems [24, 25] , loss-of-function experiments are needed to determine whether FGF signaling plays any essential roles in mammalian eye development. Because Fgfr1 and Fgfr2 are two critical receptors for transducing FGF signals in mice [45] [46] [47] , we used the Cre-LoxP system to conditionally remove Fgfr1 and Fgfr2 from the developing mouse eye using Six3-Cre. Six3-Cre, in which the Cre gene is driven by the Six3 promoter, starts its expression in the OC and optic stalk at E9.5 [48] . The floxed alleles for Fgfr1 [49] and Fgfr2 [50] Figure S1D ) and E13.5 ( Figure 1B ) but is absent in the control retinas (Supplementary information, Figure  S1A -S1C and Figure 1A ). The ventral cleft persists to adult stage ( Figure 1D and Supplementary information, Figures S1D′, S1F and S7) in the mutant eyes. Additionally, the control P0 retina has an optic disc at the center of the retina ( Figure 1C and Supplementary information, Figure S1A′ -S1C′), but the Fgfr-DCK mutant P0 retina completely lacks the optic disc ( Figure 1D and Supplementary information, Figure S1D′ ). Finally, the P15 Fgfr-DCK mutant mouse eyes completely lose their optic nerve (Supplementary information, Figure S1E and S1F). These findings indicate that FGF signaling is important for the closure of the OF and the formation of the optic disc and the optic nerve.
To determine how Fgfr1 and Fgfr2 are involved in the control of the OF closure, we used in situ hybridization to determine their mRNA expression patterns in both the control and mutant eyes. The Fgfr1 probe corresponds to the deleted region of the gene and the Fgfr2 probe recognizes the deleted region as well as its surrounding 873 nucleotides. Following the deletion of the floxed region of Fgfr2, which encodes part of the third Ig domain and the transmembrane domain [50] , the remaining Fgfr2 transcript can still produce a truncated protein, which can be recognized by a commercial polyclonal antibody against the intracellular domain (Supplementary information, Figure S2B ). In the E11.5 eye, in situ hybridization revealed that Fgfr1 mRNAs are ubiquitously expressed at high levels in the retinal progenitors ( Figure 1E ), while Fgfr2 mRNAs are expressed in those retinal progenitors at very low levels ( Figure 1F ). Both Fgfr1 and Fgfr2 mRNAs are abundantly expressed in PMCs outside the OC ( Figure 1E and 1F) . As expected, Fgfr1 and Fgfr2 mRNAs in the PMCs of the Fgfr-DCK mutant OC remain unchanged because Six3-Cre is not expressed in those cells ( Figure 1G and 1H) . In contrast, Fgfr1 mRNA levels are drastically reduced in the progenitors of the dorsal, temporal and ventral regions of E11.5 Fgfr-DCK mutant retina ( Figure 1G ). Surprisingly, Fgfr1 mRNA level remains largely unchanged in the retinal progenitors on the nasal region of the mutant retina ( Figure 1G ). It is more surprising that the truncated Fgfr2 mRNAs are elevated in the temporal and ventral regions of the Fgfr-DCK mutant retina ( Figure 1H ). We further examined the protein expression patterns of Fgfr2 in the control and FGFR mutant retinas by immuno-staining. In contrast with low Fgfr2 protein levels in the control retina (Supplementary information, Figure S3A ), its expression levels increase in the ventral and temporal regions of the Fgfr-DCK mutant retina (Supplementary information, Figure S3C ). However, there is no upregulation of Fgfr2 protein in any regions in the Six3-cre; Fgfr1 fx/fx mutant retina (Supplementary information, Figure S3B ), suggesting that simultaneous inactivation of Fgfr1 and Fgfr2 is required for the compensatory upregulation of Fgfr2 transcription. To further investigate the knockout efficiencies of Fgfr1 and Fgfr2 in different regions of the developing retina, we performed quantitative PCR (qPCR) on the mRNAs isolated from different quadrants of the control and Fgfr-DCK OCs using primers corresponding to the floxed Fgfr1 and Fgfr2 regions. As expected, the expression of the floxed regions of both Fgfr1 and Fgfr2 mRNAs significantly decreases in the temporal and ventral regions of the Fgfr-DCK mutant retina, but remains relatively unchanged in the nasal retina ( Figure  1K ). To understand why Fgfr1 and Fgfr2 are not deleted in the nasal region of the retina though Six3-Cre is highly expressed in the nasal region of the wild-type OC, we examined Six3-Cre-mediated deletion efficiency in the mutant OCs using the Z/EG reporter, in which GFP is expressed following the removal of the LoxP-flanked cassette [51] . Consistent with the previously published data [48] , GFP is expressed throughout the E11.5 retina in control eyes, though with some degree of mosaicism ( Figure 1I ). In contrast, the Fgfr-DCK mutant retina contains GFP-expressing cells in the dorsal, temporal and ventral regions, but not in the nasal region ( [24, 52] . Phosphorylated Akt (pAkt) and MAPK (pERK) are often used to monitor activation of Akt-PI3K and MAPK signaling, respectively. pAKT can only be detected in a few retinal cells of the control retina, and remains unchanged in the Fgfr-DCK mutant retina, indicating it is unlikely that FGF signaling utilizes the Akt-PI3K branch to regulate retinal development (Supplementary information, Figure S4 ). Interestingly, pERK is highly expressed in all of the retinal progenitor cells, though it appears to exist in a gradient with the highest level on the dorsal side ( Figure 1L and 1L′ ). In the nasal side of Fgfr-DCK mutant retinas, pERK is expressed normally as expected due to lack of mutant retinal progenitor cells in the region ( Figure 1M ). Interestingly, pERK is drastically downregulated in the ventral region but not in dorsal and temporal regions of the mutant retina ( Figure 1M and M′). These results suggest that pERK is regulated by FGF signaling in the ventral region of the retina, but not in the dorsal and temporal regions. Because the OF is located in the ventral region and its closure is affected by FGF signaling, we speculate that FGF-MAPK signaling might play an important role in the ventral region of the retina to control the OF closure.
FGF signaling is dispensable for general patterning of the dorsal-ventral polarity of the OC
Because the OF forms on the ventral side of the eye, perturbation of ventral retinal fate specification has been known to cause coloboma formation. For example, a deletion mutation of Vax2, a ventral retinal fate determinant, leads to coloboma formation [53, 54] . We thus tested if FGF signaling is required for the determination of ventral polarity by examining the expression of Vax2 and Raldh3, two ventral retina markers [55] . Vax2 and Raldh3 mRNAs are still expressed in the cells on the ventral side in both the wild-type and Fgfr-DCK mutant eyes, indicating that ventral retina fate is properly specified in Fgfr-DCK mutant retinas (Figure 2A-2D ). These results suggest that FGF signaling controls the closure of the OF likely by regulating the behavior of progenitors in the ventral region of the OC.
In the Six3-Cre mice, Cre is expressed not only in the retina but also in the developing ventral forebrain from around embryonic day 9 [48] . Early eye development is regulated by Shh derived from forebrain tissues, which promotes the proximal fate while repressing the distal fate of the OV [56, 57] . In addition, Shh signaling has been implicated in the induction of Pax2 and thus the OF closure [3, 11, 12] . To exclude the possibility that the coloboma phenotype in Fgfr-DCK mice results from a defect in the production of the midline Shh signal, we examined Shh mRNA expression in the control and Fgfr-DCK mutant mice. In situ hybridization on E11.5 brain frontal sections shows that Shh is normally expressed in the forebrain midline in Fgfr-DCK mutant mice as in the control ( Figure 2E-2F ). These results suggest that coloboma formation in Fgfr-DCK mutant mice is unlikely caused by defective Shh signal production in the brain. 
FGF signaling maintains OF margin progenitors and controls their subsequent switches into NR and RPE progenitors
As the coloboma phenotype is often accompanied by cell fate determination defects around the fissure area [1] , we first investigated if FGF signaling is required for fate specification of the progenitor cells lying at both sides of the OF margin (OFM) (they will be referred to as OFM progenitors hereafter). We compared the expression patterns of Pax2, Pax6, Vsx2 (formerly known as Chx10) and Mitf in both the control and Fgfr-DCK OCs during the period of OF closure. Pax2 and Pax6 reciprocally repress each other to regionalize eye primordia in the OC [58] . Pax2 is highly expressed in OFM progenitors, whereas Pax6 shows high expression levels in NR and RPE progenitors but low levels in OFM progenitors (Figure 3A and 3C ). Regions of Pax2 expression gradually shrink as OF closure proceeds, while Pax6-expressing regions expand ( Figure 3A and 3C) [59] . Similarly, Vsx2 and Mitf reciprocally repress each other to establish complementary expression patterns and specify the NR and RPE domains within the OC [60, 61] ( Figure 3B and 3D). At E10.5, the expression patterns of Pax2, Pax6, Vsx2, and Mitf proteins do not show any obvious differences between the control and the Fgfr-DCK mutant OCs, indicating that OFM progenitors still develop normally at E10.5 ( Figure 3A-3B′) . However, at E11.5, Pax2 expression levels and domains in the Fgfr-DCK mutant OFM are dramatically reduced in comparison with those in the control, indicating that FGF signaling is required for maintaining the OFM progenitor fate ( Figure 3C and 3C′). In addition, we used qPCR to further confirm that Pax2 mRNA levels are indeed dramatically downregulated in the Fgfr-DCK mutant OCs ( Figure 3E ). Consistent with the mutually repressive relationship between Pax2 and Pax6, Pax6 expression is increased in the mutant OFM progenitors ( Figure 3C′ ). Similarly, Vsx2 and Mitf expression patterns also changed at the Fgfr-DCK mutant OFM in comparison with the control OFM ( Figure 3D and 3D′). Mitf is abnormally upregulated in the inner layer of the mutant OFM ( Figure 3D and 3D′), whereas Vsx2 is downregulated in the inner layer of the Fgfr-DCK OFM ( Figure 3D and 3D′). These results have clearly demonstrated that FGF signaling is required for maintaining the OFM progenitor fate and thus controlling the properly timed cell fate switches.
Pax6 and Mitf are important for the establishment and maintenance of the RPE fate [35, 59, 60, 62] . The upregulation of Pax6 and Mitf in the inner layer of the Fgfr-DCK mutant OFM progenitors would lead to the RPE fate instead of the NR fate. Dct is expressed in the mature RPE, serving as a mature RPE marker ( Figure  3F ). Indeed, the E13.5 Fgfr-DCK progenitors at the unclosed OFM, regardless of their location in the inner or outer layer, develop into RPE cells based on Dct expression and pigmentation ( Figure 3F′ ). Taken together, our results demonstrate that FGF signaling is required for maintaining Pax2 expression in OFM progenitors and regulating OFM fate switches.
FGF signaling is required for controlled highly coordinated morphological changes of OFM progenitors
In the Fgfr-DCK mutant retina, we consistently observed that NR and RPE layers are frequently separated from each other in the OF region, raising an interesting possibility that those mutant OFM progenitors exhibit adhesion defects, cell morphological defects or both ( Figure 1G, 1H and 1M ). In wild-type mice, the OF closure was previously reported to occur at around E11, starting in the middle of the proximal-distal (P-D) axis [4, 63] (Figure 4A-4C) . At E10.5, the fissure between the nasal and temporal retinas is widely open, and is still filled with migrating mesenchymal cells ( Figure 4D ). At E11.5, two OF edges perfectly align against each other to fuse at the middle of the P-D axis ( Figure 4F and 4G) , while it remains open at both its most distal and proximal end ( Figure 4E and 4H) . At different positions along the P-D axis of the fissure, there are dynamic and yet highly coordinated changes in cellular morphologies of OFM progenitors: the OFM progenitor cells on the outer layer at the mid-point of the P-D axis become more cuboidalshaped than those at either the distal or proximal position ( Figure 4E-4H) . Interestingly, when the two sides of the fissure align against each other, the temporal side always stacks on the top of the nasal side ( Figure 4F and 4G) . Such nasal-temporal asymmetry can be used to reliably distinguish the nasal and temporal sides, but it remains unclear whether it is important for the OF closure. At E11.5, the fusion begins around the 'folding point', where the inner and the outer layers meet, from the inner layer to the outer layer [4, 63] (Figure 4G and 4J). This can be easily monitored by dissolution of the lamininpositive basal membrane on the OFMs ( Figure 4J ). At E12, the OF fusion is complete: the OFM progenitors on the inner layer are integrated into a continuous NR layer, while those on the outer layer form a continuous RPE layer ( Figure 4I) . Therefore, the fissure closure is accompanied by highly coordinated cell morphological changes of OFM progenitors.
Compared with the control OFM progenitors, the E11.5-E12 Fgfr-DCK mutant OFM progenitors exhibited five major differences. First, the two mutant fissure margins at the mid-point of the P-D axis fail to touch each other, and their basal membrane remain intact, which is in stark contrast with the control in which two OFMs align against each other perfectly, while the basal membrane begins to dissolve ( Figure 4J and 4K) . Second, the open mutant OF still allows mesenchymal cells to migrate into the OC in contrast with the closed control fissure preventing the entry of mesenchymal cells into the OC (Figure 4L and 4M; The mesenchymal cells are labeled by Pitx2 expression). Third, the mutant OFM progenitors on both the inner and outer layers show morphological defects in comparison with those control counterparts. The mutant OFM progenitors on the inner layer are shorter in length than those in the control, while the OFM progenitors on the outer layer are taller than those control counterparts ( Figure 4N and 4O) . Fourth, the temporal side of the OFM are positioned downward under the nasal side, which is exactly opposite to that in the control ( Figure 4K , 4M, 4O and 4Q). Finally, the inner and outer layers are more frequently separated from each other in the mutant OFM region than those in the control ( Figure 4O and 4Q) .
The contractile forces generated by acto-myosin activity have been shown to regulate actin cytoskeletons, cell- cell adhesion and cell morphological changes, and are essential for epithelial morphogenesis in multiple organisms [64, 65] . To explore the possibility that acto-myosin is involved in the regulation of the OF morphogenesis, we examined the expression of phosphorylated myosin light chain (pMLC) in the control and mutant Fgfr-DCK OFM progenitors. pMLC is an indicator for local acto-myosin activation [64] . In the control eyes, pMLC accumulation is enriched in the OFM progenitors on the apical and lateral sides of the outer layer but not the inner layer ( Figure 4P ). This is consistent with recently published results from in vitro cultured OCs [66] . In contrast, pMLC accumulates in the Fgfr-DCK mutant OFM progenitors on the inner layer in addition to those on the outer layer, and the accumulation is concentrated on apical and lateral sides of both the layers ( Figure 4Q ). Like in the rest of the control OC, N-cadherin is expressed in OFM progenitors on the apical and lateral sides of inner and outer layers, which might contribute to adhesion between inner and outer layers as well as within the same layers in the OFM region ( Figure 4P ). Consistently, adherens junction (AJ)-like structures can be detected between inner and outer layers as well as between the progenitors of the same layers in the OFM region (Figure 4R) . In contrast, the AJ-like junctions between NR and RPE layers are often lost in the Fgfr-DCK mutant OFM progenitors ( Figure 4S) . Therefore, the abnormal distribution of acto-myosin activity might contribute to the cell morphological and adhesion defects of the Fgfr-DCK mutant OFM progenitors and consequently the failure of OF closure.
FGF signaling controls the proliferation of OFM and NR progenitors
Cell proliferation has been suggested to play a critical role in driving tissue morphogenesis [67, 68] . To this end, we examined cell proliferation of OFM progenitors, NR progenitors and RPE progenitors during the period of the OF closure. During the E10.5-E12.5 period, about 50% of NR progenitor cells on either the nasal side or the temporal side of the wild-type retina are positive for BrdU labeling following two hours of BrdU incorporation, indicating that NR progenitors on both the nasal and temporal sides proliferate at similar and rapid rates ( Figure 5A-5D ). In contrast, RPE progenitors outside the OF region increase their BrdU-labeling rates from 0.8% to 12.5% during E10.5-E12.5, indicating that RPE progenitors proliferate dynamically but at much lower rates Shuyi Figure 5A-5D ). For OFM progenitors, about 40% of those on the inner layer are positive for BrdU from E10.5 to E12.5, indicating that OFM progenitors on the inner layer proliferate fast like NR progenitors during the OF closure ( Figure 5A-5D ). Surprisingly, the OFM progenitors on the outer layer show dynamic proliferation patterns during the same period: 43.6%, 1.7% and 30.0% of the OFM progenitors on the outer layer are positive for BrdU labeling at E10.5, E11.5 and E12.5, respectively ( Figure 5D ). Interestingly, the time when those OFM progenitors on the outer layer stop proliferation is also the moment when the fissure closure actually takes place, and in contrast they proliferate more rapidly before and after the OF closure ( Figure 5D ). These observations prompted us to consider the possibility that dynamic proliferation patterns of OFM progenitors might contribute to the OF closure. One of the most obvious phenotypes is that the Fgfr-DCK mutant OCs and eyes are smaller than controls ( Figure 1A and 1B) . In addition, in the Fgfr-DCK OCs, the retina on the nasal side is thicker than that on the temporal side, which is closely correlated with the fact that Fgfr-DCK mutant retinal progenitors are absent from the nasal side ( Figure 1G, 1J and 1K) . Furthermore, there is no increase in apoptotic retinal progenitor cells in the Fgfr-DCK mutant OCs in comparison with the control OCs based on TUNEL labeling (Supplementary information, Figure S5 ). These observations support the possibility that FGF signaling regulates retinal progenitor cell proliferation. As an internal control, NR progenitors on the nasal side of the control and Fgfr-DCK mutant OCs at E11.5 have the same percentages of BrdU-positive cells, indicating that BrdU labeling efficiencies between the control and mutant OCs are similar ( Figure 5E-5G) . In contrast, NR progenitors on the temporal side of the Fgfr-DCK mutant OCs have much lower percentages of BrdU-positive cells than those in the control (Figure 5E -5G). Consequently, in the Fgfr-DCK mutant OCs, wildtype NR progenitors on the nasal sides and those mutant progenitors on the temporal sides proliferate at significantly different rates, which might also contribute to the misalignment of two OFMs. Similarly, the OFM progenitors in the Fgfr-DCK mutant OCs proliferate much slower than those in the control OCs ( Figure 5E-5G ). These results demonstrate that FGF signaling regulates NR and OFM progenitor cell proliferation.
FGF signaling controls expression of the genes in OFM progenitors that are important for cell proliferation, fate determination and actin dynamics
To better understand how FGF signaling controls the OF closure at the molecular level, we used microarrays to compare the gene expression profiles between normal and Fgfr mutant E11.5 OFM progenitors. The OFM progenitors from the Fgfr-DCK mutant and control E11.5 OCs were isolated using a laser-assisted micro-dissection microscope (a total of 12 control and 12 mutant OCs were used) to prepare RNAs for microarray analysis ( Figure 6A and 6B ). Based on a twofold difference, 325 genes are upregulated and 476 genes are downregulated in Fgfr mutant OFM progenitors in comparison with the controls. Some of the gene expression changes between control and mutant OFM progenitors were confirmed by quantitative PCRs, of which two are shown in Figure  6D . Many of the genes regulated by FGF signaling are functionally related to cell cycle progression, retinal cell fate determination, extracellular matrix (ECM)-mediated adhesion, and cytoskeleton regulation, which could potentially offer insight into the molecular mechanisms of OF closure regulated by FGF signaling ( Figure 6C and Supplementary information, Table S1 ):
Cell cycle regulators In the Fgfr-DCK mutant OFM progenitors, the expression of Cyclin D1 (Ccnd1) and D2 (Ccnd2), Cdc25a, Cdc2a (Cdk1), c-Myb, inner centromere protein (Incenp) and abnormal spindle-like microcephaly associated (Aspm) mRNAs decrease by more than twofold in comparison with the controls ( Figure 6C and Supplementary information, Table S1 ).
Cytoskeleton regulators Eight known actin regulators, including
RhoA, Enabled homolog (Enah), Coronin1C (Coro1C), Palladin (Palld), and Profilin1 (Pfn1), are downregulated by more than twofold in the Fgfr mutant OF progenitors ( Figure 6C and Supplementary information, Table S1 ). These downregulated actin regulators are known to regulate actin dynamics, cytoskeleton remodeling, adhesion, and thus cell motility [69] [70] [71] [72] [73] . Interestingly, no obvious changes for tubulin genes and microtubule regulators, which are also known to regulate cell motility, have been observed in the mutant OF progenitors.
OFM cell fate determinants
In addition to Pax2 downregulation (Figure 3) , our microarray results show that Vsx2 and Vax1 mRNAs are also downregulated more than twofold in Fgfr mutant OFM progenitors in comparison with the control progenitors ( Figure 6C and Supplementary information, Table S1 ). Vax1 is a homeoboxcontaining protein that is specifically expressed in OFM progenitors, and a mutation in Vax1 causes coloboma formation in mice [8, 9] . Vsx2 and Mitf mutually repress each other's expression in the developing OC, while Pax6 and Pax2 also mutually repress each other's expression. As expected, Mitf and Pax6 mRNAs are up- Table S1 ). In addition, microarray results have further confirmed our mRNA in situ results that mRNAs for Vax2, a ventral retinal cell marker, show no change ( Figure 6C ), further supporting the idea that FGF signaling maintains OF progenitor cell fate but not the general ventral cell fate.
To further explore if any of these genes are potentially direct target genes of FGF signaling, we used a bioinformatics approach to find the putative Pea3/Erm binding site(s) (core consensus AGGA(A/T)) in the promoter of the genes that are regulated by FGF signaling in OFM progenitors. As shown earlier, FGF signaling is required for maintaining the expression of pERK, the activated form of MAPK, which phosphorylates Ets domain- [74] . Among the FGF-regulated genes in Figure 6C , the majority of them have at least one Pea3/Erm binding site, suggesting that they are potentially direct FGF targets ( Figure 6C and Supplementary information, Table S1 ). In the future, it will be important to investigate which genes are true direct transcriptional targets of FGF signaling in OFM progenitors.
FGF signaling is required for the maintenance of the OS
As mentioned earlier, the Fgfr-DCK mutant eyes lack the optic nerve. To examine the development of the optic nerve, we checked the expression patterns of Pax2, the marker for OS progenitor cells, in the control and Figure S6C and S6D). At E15.5, the Pax2-positive optic disc and optic nerve astrocytes are readily detected in the control eye, but are completely absent in the mutant eye (Supplementary information, Figure S6E and S6F). These results indicate that FGF signaling is required for maintaining the optic stalk.
FGF signaling regulates the development of the RGCs
Studies in zebrafish and chicken have indicated the role of FGF signaling in initiating RGC development in addition to its role in promoting NR fate [31, 75] . In Fgfr-DCK mice, the abnormal RPE fate switch is only restricted to the margin of the unclosed OF, while Fgfr-DCK mutant inner retinal progenitor cells outside the OFM still adopt the NR progenitor fate, based on the absence of pigmentation and cell morphology ( Figure  3F′ ), which gives us an opportunity to test whether initiation of RGC development is affected by defective FGF signaling in mice. We examined the mRNA expression patterns of Math5 and Brn3b, two transcription factors determining the retinal precursor RGC competent state, and RGC terminal differentiation, respectively [21, 76] . At E13.5, Math5 and Brn3b are expressed throughout the NR in the control OCs (Figure 7A and 7C) . However, the expression levels of both Math5 and Brn3b are either absent or dramatically reduced on the temporal side of the Fgfr-DCK OCs, while the expression levels on nasal OCs remain relatively normal ( Figure 7B and 7D) . Since the defects in the expression of Math5 and Brn3b are well correlated with the area where FGF receptors are most efficiently deleted ( Figure 1J) , these results indicate that FGF signaling is required for the initiation of RGC development.
Due to the highly mosaic nature of Cre-mediated deletion, RGCs are still generated in Fgfr-DCK OCs based on abundant Brn3b expression on the nasal part of the OCs ( Figure 7D ). As we described above, the optic nerve does not form in Fgfr-DCK mice due the degeneration of the OS. To examine the fate of the axons of RGCs in the absence of the OS in Fgfr-DCK eyes, we immunostained the E15.5 control and Fgfr-DCK eye sections with an antibody recognizing Tuj1. Our results show that RGC axons in the control eye form the optic nerve exiting the optic disc, but the axons of the remaining RGCs in the mutant eye exit the unclosed fissure and are mis-targeted to the subretinal space ( Figure 7E and 7F) . To trace the fate of the unclosed OF and retinal neurons in Fgfr-DCK eyes, we collected one-month-old and seven-month-old eyeballs. The H&E-stained eye sections show that the fissure remains unclosed in the one-month-old Fgfr-DCK mutant eye (Supplementary information, Figure S7A ), and the retina gradually degenerates with time, which is evident in the seven-month-old mutant eye (Supplementary information, Figure S7B ). These results suggest that FGF signaling directly or indirectly regulates the maintenance of retinal neurons.
Discussion
Studies of lower vertebrates and cultured organs have linked FGF signaling with a variety of processes during retinal development ranging from initial eye field formation to retinal neuron differentiation. However direct genetic evidence of how FGF signaling regulates mammalian retina development is still lacking. In this study, we conditionally deleted Fgfr1 and Fgfr2 from the developing OC to show that FGF signaling controls the OF closure process and the initiation of RGC development. Although a number of genes have been implicated in coloboma formation, it remains largely unclear how the OF closure fails at the cellular level. In this study, we show that FGF signaling controls the OF closure possibly by regulating the proliferation, morphological changes and cell fate switches of OFM progenitors. The OF closing process is accompanied by highly coordi- nated cell proliferation, morphological changes and cell fate switches in OFM progenitors. In the absence of FGF signaling, OFM progenitors fail to undergo coordinated cell proliferation, morphological changes and cell fate switches. Furthermore, FGF signaling is required for maintaining the expression of the genes that are important for cell cycle progression, cytoskeleton dynamics and retinal progenitor fate specification. Based on our detailed analyses of cellular events and gene expression in both wild-type and Fgfr mutant eyes, we propose a working model that the coordinated cell proliferation, cell morphological changes and cell fate switches may collectively contribute to the OF closure, and that defective FGF signaling in the retina leads to coloboma formation by disrupting such highly orchestrated cellular events ( Figure 7G ). Therefore, this study has provided important insight into how FGF signaling coordinates independent cellular events to control the OF closure.
The OF closure is accompanied by a series of highly coordinated cellular events
The OF closure process begins at the mid-point of the OF and proceeds rapidly in both directions toward the most distal and proximal points [4, 63] (Figure 4) . In this study, we have revealed three important cellular events associated with the OF closing process (Figure 7) . First, OFM progenitors are switched to NR and RPE progenitors in a location-and time-dependent manner during the OF fusion. Prior to the OF fusion, OFM progenitors express Pax2, while NR and RPE progenitors outside the OF area express Vsx2 and Mitf, respectively [4] ( Figure  3 ). Pax6 is expressed in all the NR and RPE progenitors outside the OF, and is repressed in OFM progenitors [77] ( Figure 3 ). During the fusion process, OFM progenitors on both inner and outer layers gradually retreat Pax2 expression to the edge of the OF. Likely due to loss of Pax2 repression, the OFM progenitors on the outer layer gain Pax6 and Mitf expression and develop into RPE progenitors, while those on the inner layer start Vsx2 and Pax6 expression and develop into NR progenitors. Genetic studies have shown that Pax2 and Pax6 mutations cause coloboma in both humans and mice [5, 7, 59, 78] . Therefore, it is reasonable to assume that proper cell fate switches are one of the requirements for OFM progeni- npg tors to integrate into the NR and RPE layers following the fusion. Second, OFM progenitor cells on inner and outer layers undergo distinct but apparently coordinated cell morphological changes just before the OF closure. The closer the OFM progenitors are to the fusion point of the OF, the shorter those on the outer layer become, and the longer those on the inner layer become. Such highly coordinated morphological changes in both layers could conceivably help to correctly position the two OFMs to facilitate the fusion, and could also ensure that the newly fate-switched OFM progenitors have comparable cellular morphologies to their neighboring NR or RPE progenitors. There are strong AJs between the OFM progenitors on the same layer and weak AJs between inner and outer layers ( Figure 4R ). Weak AJs between inner and outer layers in the OF region can keep the two layers together and meanwhile also allow them to move against each other, while strong AJs between OFM progenitors on the same layers can maintain layer integrity by preventing ruptures. These AJ junctions are most likely formed by N-cadherin in the developing OFM progenitors. N-cadherin-mediated cell adhesion in zebrafish has also been shown to be important for the OF closure [79] . Therefore, adhesion and dynamic cytoskeleton changes may contribute to cell morphological changes and thus the OF closure.
Third, balanced and rapid proliferative activity of the NR progenitors on both temporal and nasal sides of the OC may help align the two OF lips against each other, facilitating the fissure fusion. NR progenitors on the nasal and temporal side proliferate at similar rates from E10.5 to E11.5. Interestingly, OFM progenitors on the outer layer are highly proliferative at E10.5 and cease proliferation at E11.5, which is just before the closing process begins, while those progenitors on the inner layer continue to proliferate at high rates. The biological significance of the dynamic proliferation rates for OFM progenitors on the outer layer remains unclear. Proper proliferation of NR and OFM progenitors is likely important for the OF closure because a mutation in Phactr4, which encodes a phosphatase that inhibits cell-cycle progression, drives excessive proliferation of NR progenitors, leading to coloboma formation [17] .
Our study has revealed the cellular events that accompany the OF closure. The changes in these cellular events during the closing process implicate them in driving, maintaining or supporting the OF closure. Although the specific roles of these cellular events in the OF closure remain to be investigated by directly disrupting each of them at a time, our genetic study on FGF signaling in the developing OC has revealed their potentially important roles in the regulation of the OF closure.
FGF signaling controls the OF closure possibly by orchestrating multiple cellular events via pERK signaling
Although multiple signaling pathways, such as Shh, BMP and JNK, have been shown to be involved in the regulation of the OF closure, they appear to regulate the expression of cell fate determinants including Pax2, Vax1 and Vax2 in OFM progenitors [3, 12, 80] . Mutations in Pax2, Vax1 and Vax2 cause the failure in the OF closure and coloboma formation [5, 7, 8, 54, 78] . However, it remains unclear how they control the cellular events associated with the OF closure. In this study, we have revealed that FGF signaling regulates cell proliferation and morphological changes of OFM progenitors during the OF closure in addition to Pax2 and Vax1 expression.
FGF signaling regulates the maintenance of the OFM fate and proper switches of OFM progenitors into RPE and NR progenitors by controlling the expression of OFM fate determinants Pax2 and Vax1. Although OFM progenitors are properly established in the Fgfr mutant OCs at E10.5 based on Pax2 expression, they lose their cell identity prematurely in the E11.5 mutant OCs based on Pax2 and Vax1 expression, indicating that FGF signaling is required for maintaining the OFM progenitor fate. Early studies have shown that Vax1 and Pax2 can antagonize the expression of Pax6 in OFM progenitors [8] . Consistently, our study has shown that Pax6 expression is upregulated in Fgfr mutant OFM progenitors. FGF signaling is known to be required for maintaining Vsx2 expression and thus repressing Mitf expression in the development of the OC [35, 60, 61] . Consistently, Vsx2 and Mitf are downregulated and upregulated in the Fgfr mutant OFM progenitors, respectively. As a result, the Fgfr mutant OFM progenitors express Pax6 and Mitf and develop into RPE cells. Therefore, we propose that FGF signaling maintains the OFM progenitor cell fate and controls their fate switches into RPE and NR progenitors by primarily regulating two antagonizing gene pairs Pax2-Pax6 and Vsx2-Mtif ( Figure 7G ).
FGF signaling regulates morphological changes of OFM progenitors possibly by controlling expression of important cytoskeleton regulators. Our microarray results show that the actin cytoskeleton regulators Enah, Pfn1 and RhoA, which are known to be important for morphological changes and adhesion [69, [81] [82] [83] [84] , are downregulated in the Fgfr mutant OFM progenitors. In addition, no microtubule regulators are affected in the mutant OFM progenitors. FGF signaling is required for mesodermal invagination and cell morphological changes by regulating actin organization during Drosophila gastrulation [85] [86] [87] [88] [89] [90] . Based on these findings, we propose that FGF signaling regulates actin cytoskeleton dynamics and thus affects cell morphological changes of OFM progenitors ( Figure  7G ).
FGF signaling regulates the proliferation of NR and OF progenitors by controlling expression of cell cycle regulators. The Fgfr mutant OF and NR progenitors proliferate much slower than control counterparts based on BrdU labeling, resulting in thinner retina and smaller eye size. In addition, the uneven proliferation on the nasal and temporal sides of the Fgfr mutant retina likely prevents the correct alignment of the two OFMs, contributing to coloboma formation. In this study, we also show that some important cell cycle regulators controlling the G1-S transition, such as Cyclin D1, Cyclin D2 and c-Myb, and G2-M transition, such as Cdc25a and Cdk1, are downregulated in the Fgfr mutant OF progenitors. Therefore, our study has shown that FGF signaling controls NR and OFM progenitor proliferation possibly by directly regulating expression of the genes important for both G1-S and G2-M transitions ( Figure 7G ).
Our study has also suggested that FGF signaling controls the OF closure via regulation of the pERK-Ets pathway in OFM progenitors. The activation of MAPK but not Akt is affected in the Fgfr mutant OFM progenitors ( Figure 1L-1M′) , suggesting that FGF signaling activates pERK specifically in OFM progenitors. Although Fgfr1 and Fgfr2 are effectively inactivated on both the temporal and dorsal sides, pERK remains normal, suggesting that FGF signaling has region-specific functions. Such regionspecific functions may be caused by region-specific expression of FGF ligands or region-specific functional redundancies with other signaling pathways such as EGF signaling. FGF signaling controls the expression of pERK (phosphorylated MAPK), which in turn phosphorylates Ets-containing proteins, Erm and Pea3, to activate target gene expression [91] . Interestingly, some of the downregulated genes in the Fgfr mutant OFM progenitors also contain Erm/Pea3 binding sites (Supplementary information, Table S1 ). In addition, conditional knockout of Shp2 in retinal progenitors leads to the defective expression of pERK in retinal progenitors [32, 33] . Because FGF signaling is required for pERK expression only in OFM progenitors, we speculate that Shp2 may be involved in other signaling pathways, perhaps along with FGF signaling, to maintain pERK expression in the retina progenitors outside the OF. In summary, our findings suggest that FGF signaling controls various downstream signaling branches in different regions of the retina to regulate cell behavior.
FGF signaling controls the maintenance of the OS and initiation of the RGC development
Retinal coloboma is often associated with defects in the optic nerve, which are often manifested as the extension of the NR into the optic stalk [1] . Our study has offered an alternative way for the eye with coloboma to lose the optic nerve, due to premature loss of the optic stalk. However, the loss of the optic stalk in the Fgfr-DCK mutant eye cannot be caused by the loss of Pax2 expression because Pax2 mutant mice still develop the optic nerve [7] . Furthermore, the optic stalk has formed initially in the Fgfr-DCK mutant eye, but degenerates later. These findings suggest that FGF signaling maintains the optic stalk in a Pax2-independent manner. This study has also revealed an interesting role of FGF signaling in promoting retinal neurogenesis in mice. FGF signaling has long been known to promote NR fate versus RPE fate [28, 92] , which is also reflected in Fgfr-DCK eyes by the ectopically generated RPE cells at the margin of the unclosed OF. However, the ectopic RPE fate is only restricted at the margin of the unclosed OF, while the inner retinal progenitor cells in the temporal OCs in Fgfr-DCK eyes, which are mutant for FGF receptors, still adopt the NR fate. Interestingly, these FGF receptor-mutant NR progenitor cells fail to express the RGC fate determination transcription factors, Math5 and Brn3b, indicating they fail to initiate RGC development. FGF signaling has been shown to promote the initiation of RGC development in fish and chicken [31, 75] , and our study provides the first genetic evidence that FGF signaling also promotes the initiation of RGC development in mammals ( Figure 7H ). Shp2 is a FGF signaling pathway downstream mediator. It has been shown that when deleted from early OV stage using Rx-Cre, Shp2 mutant retinal progenitor cells adopt RPE fate, while when deleted from the beginning of the OC stage using Six3-Cre, Shp2 mutant retinas degenerate [32, 33] . When comparing the retinal cell fate phenotype of our Fgfr-DCK mice with that of Rx-Cre; Shp2 fx/fx mice and Six3-Cre; Shp2 fx/fx mice, it is interesting to note that Fgfr-DCK mice share phenotypes with both Shp2 conditional mutant mice, but less severe: the RPE cell fate is ectopically generated, however only restricted to unclosed OF region; the NR is generated, but degenerates when the mice age. The similarity and discrepancy of the phenotypes observed in these three conditional knockout mice suggest that FGF signaling plays different roles during different stages of the retina development: at the early stage, it promotes the NR fate over RPE fate; in established NR progenitor cells, it promotes retinogenesis; at the adult stage, it promotes the survival of mature retinal neurons. In the future, it would be interesting to dissect the molecular mechanisms whereby FGF signaling controls different aspects of retinogenesis and retinal homeostasis.
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npg In summary, we show that the OF closing process is accompanied by highly coordinated proliferation, cell fate switches, and shape changes of OFM progenitors, and that defective FGF signaling disrupts these cellular events. In addition, we have shown that FGF signaling regulates the expression of cell cycle regulators, cell fate determinants and actin regulators. Based on the experimental findings, we propose that FGF signaling controls the OF closure possibly by orchestrating multiple cellular events through regulation of expression of cell cycle regulators, cell fate determinants and actin regulators. Finally, we have shown that FGF signaling is also required for the maintenance of the OS and the development of the RGCs. However, it remains unclear which event is the primary driving force for the OF closure, how these cellular events are related to one another, whether FGF signaling directly regulates these cellular events and how FGF signaling regulates development of RGCs and the OS. In the future, the answers to these questions will be of great interest for understanding the molecular and cellular mechanisms underlying coloboma formation.
Materials and Methods
All animal work was performed in compliance with the protocols approved by the Institutional Animal Care and Use Committee at the Stowers Institute for Medical Research (SIMR). Six3-Cre, Fgfr1 fx , and Fgfr2 fx mice have been described previously [48] [49] [50] . Z/EG mice [51] were purchased from Jackson Laboratory. Time-mated CD1 mice were provided by the Laboratory Animal Services Facility at SIMR. Noon on the day at which a vaginal plug is found is referred to as embryonic day 0.5 (E0.5).
Tissue processing and histology
For cryo-sections, embryos were fixed overnight in 4% formaldehyde, cryo-preserved with 15% then 30% sucrose, and frozen using a freezing bath (Thermo Scientific) with isopentane. For paraffin sections, embryos were fixed overnight in 4% formaldehyde, dehydrated through a series of gradient ethanol, and embedded in paraffin. Because the OF is a ventral-specific structure of the OC, most specimens were sectioned parasagittally. The nasal-temporal orientation of the OC was determined based on the brain structures around the eye according to The Internet Atlas of Mouse Development [93] .
mRNA in situ hybridization was performed on cryo-sections using digoxigenin-labeled RNA probes as follow: after rehydration, slides were post-fixed in 4% formaldehyde for 10 min, digested with 1 µg/ml proteinase K for 5 min, and fixed again for 5 min. Slides were then acetylated with acetic anhydride for 10 min, hybridized with specific probes in a humid chamber at 56 o C overnight, washed, and incubated with alkaline phosphatase conjugated anti-digoxigenin antibody (Roche) at 4 o C overnight. Then slides were washed and color-developed by incubating with NBT and BCIP (Promega). The following probes were used: Fgfr1 and Fgfr2 (T-cloning of RT-PCR products from E14.5 mouse embryonic head cDNA library into pGEM-T easy vector (Promega)), Math5 and Brn3b (kindly provided by Dr Lin Gan) Shh (kindly provided by Dr Andrew McMahon), Dct (Open biosystem), and Vax2 (ATCC). Images were taken under either a Zeiss axioplan or Leica DM5500 microscope.
Immuno-histology was performed on either paraffin sections or cryo-sections. Before applying primary antibody, antigen retrieval was performed by heating slides in citrate buffer (pH 6.0) at 95 o C for 10 min then cooling at room temperature for 20 more min. After antigen retrieval, the slides were incubated with primary antibodies overnight at 4 o C, washed and incubated with Alexa 488-or Alexa 568-conjugated goat or donkey secondary antibodies (Invitrogen) for 2 hours at room temperature. Slides were then washed, counter-stained with DAPI for 5 min, washed again, and mounted using VECTASHIELD mounting medium (Vector Laboratories). The following antibodies were used: rabbit anti-Pax2 (Invitrogen), mouse anti-Pax6 (Developmental Studies Hybridoma Bank), sheep anti-Vsx2 (Chemicon), mouse anti-Mitf (lab Vision), rabbit anti-GFP (Invitrogen), goat anti-pMLC (Santa Cruz), rabbit anti-N-cadherin (Santa Cruz), rabbit anti-Pitx2 (Capra Science), Rabbit ant-Tuj1 (Convance), and mouse anti-Laminin (Sigma). The Fgfr2 (Santa Cruz) signal was amplified using a TSA kit (Perkin Elmer). Filamentous actin staining was performed by incubating slides with Alexa 488-conjugated phalloidin (Invitrogen) at room temperature for 30 min. Images were taken under a Leica SP2 or SP5 confocal microscope.
BrdU incorporation assay
The time-mated mice were injected intraperitoneally with BrdU at 0.1 mg/g body weight two hours before sacrifice. Embryos were fixed, paraffin embedded, sectioned and immuostained for BrdU (Amersham) as described above. For each parasagittal section of the OC, about 60-100 NR progenitor cells and 20 RPE progenitor cells (based on DAPI staining) in the central region of nasal and temporal retinas and retinal cells within a 5-cell diameter from the margin of the OF were counted. For each genotype, three eyes from three mice were counted. For statistical analysis, Student's t-test was applied.
Microdissection, microarrays and qPCR
Parasagittal sections (15 µm) of fresh E11.5 heads embedded in OCT were cut in a Leica cryostat, fixed in 75% ethanol for 2 min, stained with hematoxylin for 2 min, dehydrated with increasing ethanol series, and air-dried for 30 min. Subsequently, retinal progenitor cells in the OF region and NR progenitor cells in the nasal and temporal quadrants from control and Fgfr1/ Fgfr2 double conditional knockout OCs were dissected using a PALM laser-microdissection microscope (Zeiss). Samples from four embryos of the same litter were pooled together to obtain sufficient materials. Total RNAs were isolated using TRIZOL (Invitrogen) and amplified twice using a T7 transcription based amplification strategy [94] . For microarray analysis, three independent RNA samples from E11.5 control and Fgfr-DCK eyes were used. 20 µg labeled cRNAs for each sample were fragmented and hybridized to Affymetrix mouse genome 430 2.0 arrays. Microarray results were analyzed based on the published methods [95] . qPCR was performed on an Applied Biosystem 7900 real-time PCR machine using Power SYBR green PCR Master Mix (Applied Biosystems). For each primer pair for each experimental group, three experimental replicates and three biological replicates were performed. For each qPCR run, two of the following three internal controls were used: Gapdh, B2m and Atp5b. Relative expression differences between control and mutant samples and statistical analysis were analyzed using REST software [96] .
Bioinformatics analysis
The LIMMA package was used to compare the gene expression changes between mutant and control samples [97] . BenjaminiYekutiele multi-test correction method was applied to control the False Discovery Rate [98] . To search for the putative binding targets for Ets1 and Pea3, sequences 5 kilobase upstream and downstream of transcription start sites of all the differentially expressed genes were tested for matches against binding motifs for the two transcription factors in BIOBASE Database using the database's minimum-false-positive criteria. The following consensus binding matrixes are used: Pea3_Q6 (BIOBASE accession number: M00655); Ets_Q6 (BIOBASE accession number M00971).
